In adult skeletal muscle the mTOR/TORC1 signaling pathway is currently recognized as the major pathway
Introduction
Beyond skeletal muscle's primary function as a force generator for locomotion, there is a growing recognition of the important role skeletal muscle plays in overall health through its impact on whole-body metabolism as well as directly influencing quality of life issues with chronic disease and aging. The acknowledgement of skeletal muscle's broad influence on general health has heightened interest in trying to understand the mechanisms responsible for the maintenance of muscle mass. The maintenance of skeletal muscle mass in the mature individual is primarily dictated by the balance between the rates of protein synthesis and protein degradation. Research over the previous decade has revealed that growth factors, hormones, cytokines, nutrients and mechanical loading are all environmental triggers capable of activating cellular signaling pathways which can push the balance in favor of protein synthesis or degradation leading to a gain or loss, respectively, of skeletal muscle mass. The primary purpose of this brief review is to highlight the advances that have been made over the past few years in our understanding of the signaling pathways controlling the rate of protein synthesis and degradation.
Anabolic pathways
In general, the cellular protein synthetic rate is considered to be determined by two factors, translational efficiency and translational capacity. Translational efficiency is defined as protein synthesis per unit amount of RNA whereas translational capacity is defined as the total ribosomal content per unit tissue [1] . The vast majority of research on muscle anabolism has implicitly focused on defining those signaling pathways, which lead to enhance translational efficiency, though recent studies have begun to investigate the signaling events that regulate ribosomal biogenesis, that is, translational capacity [2] [3] [4] . As shown in Fig. 1 , mTOR (mammalian target of rapamycin: TORC1 complex) is currently thought to be the major hub for the integration of an array of upstream signaling pathways which, when activated, ultimately result in increased translational efficiency. Enhanced translational efficiency occurs over a relatively short time frame and is typically viewed independent of any change in the translational capacity of the cell. As it is almost certain that the processes which regulate translational efficiency and translational capacity are co-ordinated, the underlying mechanism responsible for such co-ordination remains to be fully elucidated. Nader et al. [3] reported rapamycin prevented the increase in ribosomal RNA during muscle hypertrophy suggesting mTOR/TORC1 may in fact be responsible for co-ordinating changes in translational efficiency and capacity. The first part of the anabolic section will discuss recent findings on those pathways which increase translational efficiency in response to a stimulus followed by a brief discussion on some initial studies examining the control of ribosomal biogenesis during skeletal muscle hypertrophy. regulating protein synthesis leading to increased translational efficiency (see Fig. 1 ). Research over the past few years has continued to refine our understanding of how this pathway is modulated and its crosstalk with other pathways such as the TGF-b pathway. For an in-depth review of the mTOR signaling pathway the reader is referred to more comprehensive reviews [5, 6] .
One of the most well characterized upstream triggers of mTOR signaling in skeletal muscle is IGF-1. Numerous studies have documented the ability of IGF-1 to induce muscle hypertrophy by Akt activation of mTOR signaling.
What remained an open question was whether or not IGF-1 activation of mTOR was absolutely necessary for muscle hypertrophy. To address this question, Spangenburg et al. [7] examined whether or not mice, which overexpress a dominant negative form of the IGF-1 receptor (MKR mouse) were capable of mounting a hypertrophic response following synergist ablation. Somewhat surprising, these investigators found no difference in the magnitude of hypertrophy between wild type and MKR mice in response to increased mechanical loading induced by synergist ablation. Furthermore, both strains of mice showed equivalent levels of Akt activation and the downstream target of mTOR, p70 S6K . These findings are significant for two reasons; first, it clearly demonstrates that IGF-1 receptor signaling is not critical for the induction of muscle hypertrophy and, secondly, it points to the involvement of some other upstream mediator of activation of mTOR signaling in addition to IGF-1.
Previous work by Hornberger et al. [8] described mechanical activation of mTOR by an IGF-1 independent pathway involving phospholipase D (PLD) via its metabolite phosphatidic acid. More recently, work from the Hornberger laboratory extend these initial findings by reporting that mTOR activation following eccentric contractions required PLD synthesis of phosphatidic acid which was independent of PI3K-Akt activity [9] . The role of PLD in mTOR signaling was further clarified when it was shown that PLD1, but not PLD2, was a downstream effector of Rheb (Ras homolog enriched in brain) activation of mTOR by physically interacting with Rheb in a GTP-dependent manner [10 ] . Furthermore, Rheb regulation of PLD1 activity was shown to be sensitive to amino acid availability through an unknown mechanism that likely involves Rheb binding or, more speculative, through interaction with the amino acid sensitive PI3K, Vps34 [10 ] .
Vps34 (vacuolar protein sorting 34) is a class III, PI3K previously shown to mediate amino acid activation of The major anabolic pathway regulating protein synthesis in skeletal muscle is mTOR/TORC1 signaling. Upstream triggers (IGF-1, mechanical, amino acids) activate mTOR signaling through a number of different intermediary proteins such as Rheb (Ras homolog enriched in brain), PLD1 (phospholipase D 1) and its metabolite PA (phosphatidic acid), Vps34 (vacuolar protein sorting 34) and Rag GTPases (Rag). The activity of mTOR can be inhibited by Redd2 through a TSC2-dependent mechanism or enhanced by eIF3f acting as a scaffolding protein for mTOR and its downstream target S6K1. The activity of the mTOR pathway can also be modulated through crosstalk with the TGF-b pathway through myostatin inhibition of Akt activation or FoxO upregulation of MaFbx resulting in eIF3f degradation. Catabolic pathways discussed include FoxO and NF-kB. The FoxO pathway is inhibited by Akt phosphorylation and regulates the expression of the muscle-specific ubiquitin ligases MAFbx and MURF1, though the evidence for MURF1 is currently unclear. NF-kB pathway can be activated by different cytokines (TNF-a and IL-6) and has been shown to regulate MURF1. The activities of both FoxO and NF-kB signaling pathways can be modulated through interactions with the heat shock proteins Hsp 70 and Hsp27.
p70 S6K by mTOR [11, 12] . In skeletal muscle, MacKenzie et al. [13 ] , reported high-resistance contractions significantly increased Vps34 activity possibly in response to increased intramuscular leucine levels. On the basis of the temporal response of p70 S6K activation, these authors proposed an interesting model in which the initial activation of mTOR was through the PLD/phosphatidic acid pathway via mechanical stimuli, followed by amino acid stimulation of Vps34 activity, and a final phase of mTOR activation by growth factors. Of particular interest to skeletal muscle is the finding that amino acids cause an increase in intracellular Ca 2þ resulting in calmodulin activation of Vps34, though this finding remains controversial [14, 15] . In addition to Vps34, two groups reported the exciting discovery that the Rag family of GTPases was necessary and sufficient for amino acid activation of the mTOR pathway [16, 17 ] . Determining the exact role of Vps34 and the Rag GTPases in regulating protein synthesis in adult skeletal muscle represents an exciting avenue for future study.
Despite the growing complexity of the mTOR pathway [18] , and the relevancy of these new findings to muscle growth, a study by Miyazaki and Esser [19] provided evidence suggesting the mTOR signaling pathway may be regulated in a muscle-specific fashion. The stress response gene Redd2 (regulated in development and DNA damage response 2) was found to be highly enriched in skeletal muscle and was capable of inhibiting, by a TSC2-dependent mechanism, basal mTOR activity as well as in response to mechanical stretch and leucine [19] . Consistent with this finding, Redd2 mRNA expression was downregulated 50% in both young and old human skeletal muscle in response to an anabolic stimulus and by 90% following mechanical overload of the mouse plantaris muscle by synergist ablation [20] (Miyazaki and Esser, unpublished observation). It will be of great interest to determine if the muscle-specific inactivation of Redd2 will help to maintain skeletal muscle mass during periods of disuse.
b-catenin/c-Myc signaling
In addition to translational efficiency, the rate of protein synthesis is also determined by the translational capacity of the cell as reflected by the ribosomal content. As mentioned earlier, the mTOR pathway has been shown to regulate ribosomal biogenesis in muscle by a UBFmediated increase in rRNA transcription [3] . Studies have begun to provide evidence, however, for the importance of a b-catenin/c-Myc-signaling pathway, which operates independent of the mTOR pathway in regulating ribosomal biogenesis. Collectively, it has been shown that after 7 days of mechanical overload, nuclear b-catenin levels were increased by over four-fold with a corresponding increase in myonuclear c-Myc expression and approximately three-fold increase in total RNA [4, 21] . The muscle-specific inactivation of the b-catenin gene completely prevented muscle growth in response to mechanical overload, clearly demonstrating the necessity of b-catenin and activation of its target genes, that is, c-Myc for muscle hypertrophy, though the latter point requires additional study.
Catabolic pathways
Skeletal muscle atrophy occurs when the rate of protein degradation exceeds the rate of protein synthesis. Such a shift in the equilibrium between protein synthesis and degradation can happen when there is an increase in the rate of protein degradation and/or a decrease in the rate of protein synthesis. In contrast to skeletal muscle hypertrophy, the loss of skeletal muscle mass is observed under many different conditions including disuse, various disease states (sepsis, cancer, AIDS, diabetes and renal failure) and aging. Accordingly, the proteolytic systems involved in muscle atrophy are responsive to a number of different triggers such as mechanical unloading (disuse), growth factors (myostatin), hormones (glucocorticoid), inflammatory cytokines (TNF-a and IL-6), oxidative stress (ROS and nitric oxide), metabolic stress (ATP levels) and nutrient availability (amino acids and glucose). The major catabolic pathways downstream of these triggers include the ubiquitin-proteasome system, the lysosomal system and the Ca 2þ -dependent calpains and caspases (for an in-depth review of each of these systems, readers are referred to [6, [22] [23] [24] . Research conducted over the past few years has continued to further our understanding of these catabolic pathways by identifying new downstream targets, modulators and crosstalk between the pathways.
NF-kB signaling
A wealth of research has clearly shown the importance of NF-kB signaling in regulating skeletal muscle mass during periods of disease and inactivity [24] . Although the necessity of NF-kB signaling during muscle atrophy is unequivocal, current research has focused on defining the contribution of pathway components to muscle atrophy. Van Gammeren et al. [25 ] extended earlier work in the mouse by showing that both IkB kinases, IKKa and IKKb, are necessary and sufficient for muscle atrophy [26] . To arrive at this conclusion, these researchers overexpressed in the rat soleus muscle dominant negative or constitutively active forms of each IKK and found, respectively, disuse-induced muscle atrophy was reduced by 50% (individually) and 70% (in combination) or approximately 40% reduction in fiber cross-sectional area (CSA) under weight-bearing conditions. An interesting question for future research will be whether or not the ability to blunt muscle atrophy with the dominant nega-tive forms of IKK is observed under muscle-wasting conditions associated with cachexia.
In a series of studies, the Judge laboratory has reported that heat-shock protein 70 (Hsp70) and Hsp27 can prevent muscle atrophy associated with immobilization by modulating the signaling activities of NF-kB and FoxO pathways [27] [28] [29] . A five-fold over-expression of Hsp70 in the rat soleus muscle completely prevented the loss in fiber cross-sectional area (CSA) in response to 7 days of immobilization and attenuated the increase in MAFbx and MURF1 mRNA expression by approximately 70%. Further examination revealed that Hsp70 inhibited the transcriptional activities of both FoxO3a and NF-kB but that only FoxO3a inhibition blunted the increased expression of MAFbx and MURF1during immobilization [27] . In a similar fashion, the overexpression of Hsp27 was able to ameliorate the loss in fiber CSA with immobilization and inhibit NF-kB activation, but not FoxO, by binding to IKKb and presumably preventing the degradation of IkBa [28] . Collectively, these studies indicate Hsp27 and Hsp70 can significantly modify the activity of catabolic pathways involved in muscle atrophy and highlight the need to identify the direct transcriptional targets of NF-kB during muscle atrophy.
FoxO signaling
The different mechanisms regulating MAFbx and MURF1 expression during muscle atrophy was further distinguished in studies examining their regulation by FoxO transcription factors. A central component of the ubiquitin/proteasome system in skeletal muscle is activation of the muscle-specific E3 ubiquitin ligase genes, MAFbx and MuRF1, by FoxO transcription factors. Employing a cell line deficient in FoxO1 DNA-binding, McLoughlin et al. [30] showed activation of MAFbx gene expression required DNA-binding of FoxO1 but, in contrast, upregulation of MURF1 expression occurred independently of DNA-binding. This finding was extended to FoxO3a by Senf et al. [29] who reported that a FoxO3a DNA-binding mutant was capable of activating a MURF1 reporter gene but failed to increase expression of a MAFbx reporter gene. In contrast to these results, chromatin immunoprecipitation analysis found that FoxO1 bound the endogenous MURF1 promoter and synergized with the glucocorticoid receptor to activate MURF1 gene expression [31] . Beyond the importance of resolving this discrepancy, these findings clearly indicate MAFbx and MURF1 expression is regulated by distinct mechanisms, likely reflecting their unique roles during muscle atrophy.
In an effort to better understand the unique role of MAFbx and MURF1 in muscle atrophy, identifying the proteins they each target for degradation has been an ongoing challenge. Through the use of a mouse carrying a mutant form of MURF1 unable to ubiquitylate substrates, Cohen et al. [32] confirmed that the myosin heavy chain protein is a substrate of MURF1 [33] . The Leibovitch laboratory used a yeast two-hybrid screen to identify the eukaryotic initiation factor 3 subunit 5 (eIF3f) as a primary target of MAFbx in skeletal muscle atrophy [34 ] . Extensive follow-up experiments revealed repression of eIF3f caused muscle atrophy whereas overexpression promoted a modest, but significant, 11% muscle hypertrophy. On the basis of these exciting findings, the authors have proposed a model in which eIF3f acts as a nodal point for upstream pathways regulating muscle hypertrophy and atrophy. The basis of this model is the proposal that eIF3f functions as a scaffold protein insuring mTOR activation of p70 S6K [35] . This idea is supported by studies, which have shown that eIF3f physically interacts with mTOR and p70 S6K [36, 37] . The Leibovitch group has also reported that MAFbx targets MyoD for proteolysis and most recently, the inhibition of this process prevented muscle atrophy [38] . These findings are intriguing as they suggest that MAFbx expression may contribute to regulation of muscle size through altering protein synthesis or the function of myogenic transcription factors. This model for the role of MAFbx in skeletal muscle atrophy is in contrast to the more common belief that MAFbx functions through mediating rates of protein degradation. Elucidation of the function of MAFbx on anabolic vs. catabolic pathways during muscle atrophy will be important for our basic understanding of the critical pathways regulating skeletal muscle size.
Myostatin signaling
In the past year, a series of studies working to define the molecular mechanism of myostatin-induced muscle atrophy have revealed an interaction with Akt/mTOR signaling [39 ,40-43,44 ] . Activation of TGF-b signaling by over-expression or treatment with myostatin was associated with decreased phosphorylation of Akt as well as reduced phosphorylation of other components of Akt/ mTOR signaling such as ribosomal protein S6, p70 S6K and 4E-BP1 [42, 44 ] . Conversely, blocking myostatin activity through the use of an antibody increased protein synthesis and ribosomal protein S6 and p70 S6K phosphorylation but curiously not Akt or 4E-BP1, suggesting the increase in protein synthesis was through an mTORindependent pathway [39 ] . In support of this latter finding, Sartori et al. [43] reported inhibition of myostatin signaling by overexpression of a dominant negative ActRIIB construct resulted in a 29% hypertrophy that was modestly blocked by rapamycin. While these studies collectively indicate there is some degree of crosstalk between the Akt/mTOR and TGF-b pathways, they also present a scenario in which myostatin functions by inhibiting protein synthesis and not by promoting protein degradation via the ubiquitin-proteasome pathway, that is, upregulation of MAFbx and MURF1. On the basis of microarray analysis, Welle [40] suggested future studies on myostatin function might benefit from investigating myostatin's impact on factors affecting translational capacity such as ribosomal biogenesis and turnover.
Conclusion
The main advances that have been made over the past few years have helped to refine our understanding of known anabolic and catabolic signaling pathways in adult skeletal muscle. Although these advances have provided mechanistic details and demonstrated crosstalk between pathways, they have also shed light on the complexity of the processes involved in regulating skeletal-muscle mass. Future studies will surely continue to enhance our understanding of the aforementioned pathways as well as begin to explore alternative pathways little considered in the field of muscle plasticity such as STARS (Striated activator of Rho signaling) and Hippo pathways [45, 46] . In addition, work within our laboratory has begun to investigate the role of microRNAs in the regulation of skeletal muscle mass. Although there still remains much to be learned, one perspective that is clear at this point is that the maintenance of skeletal muscle mass represents the orchestrated output of a collection of anabolic and catabolic-signaling pathways.
